abstract: Bacterial vaginosis (BV) is one of the most prevalent vaginal disorders in adult women and is associated with adverse pregnancy outcomes such as pre-term birth. Genetic factors, particularly in genes involved in inflammation and infection, are associated with this condition. Additionally, environmental risk factors including stress and smoking are associated with BV. The purpose of this study was to identify genetic variants in stress-related genes such as corticotropin-releasing hormone (CRH), receptor 1, receptor 2 and binding protein (CRH-BP) that associate with BV. Also gene -environment effects with smoking are determined. BV was quantified using the Nugent score in 82 white and 65 black women in the first trimester of pregnancy. Associations between Nugent score, genotype and smoking were analyzed using Kruskal -Wallis and Wilcoxon rank sum non-parametric tests. In white women, non-smokers with the CT genotype at CRH-BP þ 17487 have lower Nugent scores (median: 0, range: 0-0) than non-smokers with the TT genotype (median: 2, range: 0 -8) (P ¼ 0.002); whereas smokers with the CT genotype have higher Nugent scores (median: 6, range: 0-10) than smokers with the TT genotype (median: 1, range: 0 -10) (P ¼ 0.021). In black women, the AG genotype at CRH þ 3362 or CRH 2 1667 is associated with lower Nugent scores (median for both: 3, range: 0-10) compared with the homozygous genotypes (median for each homozygous genotype: 8, range: 0-10). Also, in black women, models remain significant after adjusting for smoking (P ¼ 0.04 for both). These data indicate that susceptibility to BV is affected by patterns of genetic variation in stress-related genes and smoking plays an important role.
Introduction
Bacterial vaginosis (BV) is one of the most common types of lower genital tract disorders in adult women (Hay et al., 1994; Hillier et al., 1995; Llahi-Camp et al., 1996; Culhane et al., 2001) . BV is defined by a decrease in lactobacilli and an overgrowth of anaerobic bacteria such as Gardnerella vaginalis, Mobiluncus and Prevotella species in the vaginal flora (Koumans and Kendrick, 2001) . Approximately 10% of women with BV experience adverse pregnancy outcomes such as spontaneous pre-term delivery, premature rupture of membranes and amniotic fluid infection (Silver et al., 1989; Martius and Eschenbach, 1990; Kurki et al., 1992) .
Women of low socioeconomic status who are young and unmarried are more likely to develop BV during pregnancy (Meis et al., 1995; Goldenberg et al., 1996) . BV is also twice as common in black women as in white women (Ness et al., 2003) . This disparity remains after controlling for known risk factors such as income, education, history of sexually transmitted diseases and feminine hygiene practices (Ness et al., 2003) . One possible explanation for this disparity is that black women are exposed to significantly more physiological and psychological stressors than white women and this high level of chronic stress leads to an increased risk for BV (Culhane et al., 2001 (Culhane et al., , 2002 (Culhane et al., , 2006 Nansel et al., 2006) . One study found that, after adjusting for maternal age, race, education, parity, douching, number of sexual partners, sexual practices and use of illicit drugs, women with high psychological stress were 2.2 times more likely to develop BV (Culhane et al., 2001) .
Corticotropin-releasing hormone (CRH) is an important factor in the response to stress and in the regulation of inflammation and immune responses. During pregnancy it is primarily produced in the decidua, fetal membranes and placenta (Petraglia et al., 1987; Sasaki et al., 1987) . CRH plays a critical role in regulating the interaction between stress hormones and inflammatory mediators on the hypothalamicpituitary -adrenal (HPA) axis (Baerwald et al., 1999) . CRH operates by activating two G-protein-coupled receptors: corticotropin-releasing hormone receptor 1 (CRH-R1) and corticotropin-releasing hormone receptor 2 (CRH-R2) (Challis et al., 2000) . During pregnancy, CRH-R1 is primarily expressed in the myometrium and fetal membranes, whereas CRH-R2 is mainly expressed in the fetal membranes (Grammatopoulos et al., 1995; Karteris et al., 1998) . CRH and CRH-R1 act together to increase the levels of cAMP and promote uterine relaxation (Grammatopoulos and Hillhouse, 1999) . Corticotropin-releasing hormone binding protein (CRH-BP) is primarily produced by the liver and placenta during pregnancy and inhibits the ability of CRH to stimulate prostaglandin production (Potter et al., 1991; Challis et al., 1995 Challis et al., , 2000 .
Smoking may modify or confound the relation of stress and BV. Basal HPA neuroendocrine hormone concentrations and the physiological reaction to stress can be altered by continual exposure to nicotine which is a major component of cigarettes (Rohleder and Kirschbaum, 2006) . Additionally, the response to psychological stress is diminished in smokers (Kirschbaum et al., 1993a, b) .
Genetic associations with BV have been investigated mainly in genes related to immune response, specifically cytokine genes (Genc et al., 2004; Diaz-Cueto et al., 2005; Cauci et al., 2007) . CRH and its related genes have not been examined for associations with BV even though stress is a strong independent risk factor for BV. Therefore, we assessed genetic variation in CRH, CRH-R1, CRH-R2 and CRH-BP for association with BV in white and black pregnant women. We also examined associations with BV for the interaction between genotype and smoking.
Materials and Methods
This is a cross-sectional study nested within an observational longitudinal cohort of women seeking prenatal care at the Magee-Women's Hospital prenatal clinic between April 2005 and June 2006. This study was approved by the Institutional Review Boards of the University of Pittsburgh and Vanderbilt University. Inclusion criteria for the cohort were singleton intrauterine gestation prior to 13 weeks. Median gestation at enrollment was 7 weeks (range 6 -13 weeks). Exclusion criteria included vaginal bleeding, fetal anomalies, known thrombophilias, pre-gestational diabetes mellitus, chronic hypertension requiring medication, current or planned cervical cerclage, immune compromise (HIV positive, use of systemic steroids within 6 months and use of post-transplant immunosuppressive medication) and autoimmune disease (inflammatory bowel disease, systemic lupus erythematosus, rheumatoid arthritis and scleroderma). These exclusions were developed prior to study enrollment because they could confound the associations we proposed to examine. After provision of informed consent, all women provided demographic, medical, environmental exposures and clinical information through standardized, closed-question, interviews administered by research personnel. Women were instructed to abstain from vaginal intercourse for 48 h prior to the study pelvic exams in order to prevent vaginal pH and other measures from being compromised. Race was self-reported as white for women of Caucasian ancestry and black for women of African-American ancestry.
Women had cervical swabs obtained for Neiseria gonorrhoeae, Chlamydia trachomatis, Trichomonas vaginalis and vaginal swabs were obtained for the diagnosis of BV. A diagnosis of BV was determined by vaginal pH ! 4.7 and a Nugent score of 7 through 10 from a Gram-stained vaginal smear of various types of bacteria (Nugent et al., 1991) . Women were excluded if they were positive for N. gonorrhoeae, C. trachomatis or T. vaginalis (11.5%), had no gram stain score (0.5%), were not self-identified white or black (13.4%) or were under 18 (1.0%). A total of 82 white women and 65 black women were included in this study. The research microbiology laboratory used in this study is the laboratory of Dr Sharon Hillier. This laboratory has served as a reference laboratory for the identification of BV for many large US and international clinical trials. In this laboratory, Gram-stained vaginal smears have excellent test characteristics. In a blinded, quality control assessment, five trained microbiology technicians achieved a high degree of agreement (Cohen's k: 0.94) in the detection of BV.
For this analysis, we examined 25 single nucleotide polymorphisms (SNPs) in 4 genes: CRH (6 SNPs), CRH-R1 (2 SNPs), CRH-R2 (12 SNPs) and CRH-BP (5 SNPs). These samples and the SNPs were part of a larger study on genetic contributors to pre-term birth. TagSNPs were selected in whites and blacks separately and were chosen based on reported minor allele frequencies and relative distance to one another within each gene. Genotyping was performed using the Illumina platform (Illumina, San Diego, CA, USA).
Allelic and genotypic distributions were compared between ethnic groups using Fisher's exact test. Hardy -Weinberg equilibrium (HWE) was calculated for each marker using Fisher's exact test. The above were performed in Powermarker (Liu and Muse, 2005) . Demographic characteristics were compared between ethnic groups with either a Wilcoxon rank sum test or Fisher's exact test using Stata (Stata Version 9, Stata Corp., College Station, TX, USA). These results were not corrected for multiple testing.
The Kruskal-Wallis test was used to determine if median Nugent scores differ by genotype in whites and blacks, separately. Non-parametric tests were performed because the Nugent score is an ordinal variable ranging from 0 to 10 at intervals of 1. Additionally, transformation with the natural log does not normalize the distribution (Shapiro Wilk P-value , 1 Â 10
25
). Additive, dominant and recessive models were analyzed for all SNPs. Dominant and recessive models were defined by the minor allele. For example, if the minor allele (allele frequency , 50%) is T then the dominant model is defined as TT þ CT compared with CC. The recessive model would then be CC þ CT compared with TT. Analyses were not performed if there were less than five observations in any cell. The Kruskal -Wallis test was also used to determine if Nugent score differed by genotype and smoking status. Therefore, for additive models, there were six strata (smokers with three genotypic classes and non-smokers with three genotypic classes) and for dominant and recessive models there were four strata (smokers with two genotypic classes and non-smokers with two genotypic classes). Smokers were defined as women who reported any smoking within the 3 months prior to pregnancy. If the Kruskal-Wallis test was positive, Wilcoxon rank sum tests were performed to identify which groups determined the significance. To correct for multiple testing, false discovery rate (FDR) was used (Benjamini and Hochberg, 1995) . A total of 186 KruskalWallis and Wilcoxon rank sum tests were performed and an FDR of 0.2 was used to determine the threshold value. Due to the large number of tests performed, only results that are significant after correction for multiple testing will be discussed.
To further evaluate our results, a case -control analysis was performed. There were 22 white women and 34 black women with BV and 52 white women and 23 black women without BV. A total of 16 women (8 white and 8 black) were excluded because of an intermediate BV score . Allelic and genotypic distributions were compared between cases and controls, and dominant and recessive models were also assessed. Fisher's exact tests were performed in all instances. For the significant results (a , 0.05), logistic regression was performed with and without smoking as a covariate. Likelihood ratio tests were used to determine if smoking was an important factor in the model. Due to small sample sizes, interactions between smoking and genotype could not be tested with logistic regression. These tests were not corrected for multiple testing.
Pair-wise linkage disequilibrium using r 2 was assessed using HaploView statistical software (Barrett et al., 2005) . Haplotype blocks were defined by an algorithm developed by Gabriel et al. (2002) . Dark gray shading indicates strong evidence of LD, light gray indicates uninformative LD structure and white indicates low confidence of LD. Haplotype analysis was done for each gene that demonstrated significance in the single locus analysis or the analysis adjusted for smoking. A sliding window was used to capture two, three or four locus effects. Haplotype frequencies were determined with HaploStats (Schaid et al., 2002) . Score tests were used to test associations between haplotypes and BV score as an ordinal variable (Schaid et al., 2002) . Haplotype effects were adjusted for smoking (Harrell, 2001) .
Results
Demographic characteristics for the study population are presented in Supplementary Table S1 . White women are more likely to smoke before or during pregnancy and less likely to be unmarried, been previously pregnant or have BV than black women. Significant differences in allelic and genotypic distributions and different patterns of linkage disequilibrium are observed between white and black women, with whites having more linkage disequilibrium as expected (Supplementary  Table S2 , Figures S1 and S2 ). All markers are in HWE with the exception of CRH-R2 þ 12421 (P ¼ 0.01) in whites and CRH-R2 þ 8288 in blacks (P ¼ 0.04).
After correction for multiple testing, there are three SNPs (CRH-BP þ 15033, CRH-R1 þ 9-50 and CRH-R2 þ 5253) in white women associated with Nugent score regardless of smoking; however, only two of these (CRH-BP þ 15033 and CRH-R1 þ 9-50) were significant in the case-control analysis (Table IA, Supplementary  Tables S3 and S4 ). Individuals with the TT genotype (median Nugent score: 8, range: 0-10, number of individuals (n) ¼ 13) at CRH-BP þ 15033 have significantly higher Nugent scores (P ¼ 0.02) and increased risk of BV (OR ¼ 5.4, P ¼ 0.009) compared with those with the AA or AT genotypes (median Nugent score: 1, range: 0-10, n ¼ 69) (Table IA and Fig. 1A) . Women with the AA genotype (median Nugent score: 4, range: 0-10, n ¼ 23) at CRH-R1 þ 9-50 also have significantly higher Nugent scores (P ¼ 0.02) and increased risk for BV (OR ¼ 4.0, P ¼ 0.01) compared with those with the AG or GG genotypes (median Nugent score: 1, range: 0-9, n ¼ 57) (Table IA and Fig. 1B) . Smoking was not significantly associated with BV status in these models (CRH-BP þ 15033: P ¼ 0.34 and CRH-R1 þ 9-50: P ¼ 0.22). Additionally, the likelihood ratio tests indicate that these models are not affected by smoking status. However, under the dominant model associations with CRH-BP þ 15033 are marginally affected by smoking (P ¼ 0.03) (Table IIA) .
Non-smokers with the CT genotype (median Nugent score: 0, range: 0-0, n ¼ 7) at CRH-BP þ 17487 have significantly lower Nugent scores compared with those with the TT genotype (median Nugent score: 2, range: 0-8, n ¼ 18) (P ¼ 0.002) (Table IIA, Fig. 1C and Supplementary  Table S5A ). However, in smokers, the opposite is true; those with the CT genotype (median Nugent score: 6, range: 0-10, n ¼ 17) have significantly higher Nugent scores than those with the TT genotype (median Nugent score: 1, range: 0-10, n ¼ 40) (P ¼ 0.02). Also, in women with the CT genotype, non-smokers have significantly lower Nugent scores compared with smokers (P ¼ 0.001).
There are four haplotypes in CRH-BP associated with Nugent score (Table III, Supplementary Table S6A ). The most significant of these is a two locus haplotype including CRH-BP þ 2012 and CRH-BP þ 15033 (P ¼ 0.007). The A/T haplotype is significantly associated with Nugent score (P ¼ 0.002). When smoking is added to the model, the only haplotype effect that is present is at þ2012/þ15033 (P ¼ 0.01) ( Table IV, Supplementary Table S7A) . Again the A/T haplotype is significantly associated with Nugent score (P ¼ 0.002).
In black women, there are two SNPs in CRH (þ3362 and 21667) associated with Nugent score and an increased risk of BV (Table IB,  Supplementary Tables S3 and S4 ). Individuals with the AG genotype at CRH þ 3362 or the CT genotype at CRH 2 1667 (median Nugent score for either: 3, range: 0-10, n ¼ 28) have significantly lower Nugent scores (P ¼ 0.005) and lower risk of BV (OR ¼ 0.2, P ¼ 0.01) compared with the homozygous genotypes (median Nugent score for any of the homozygous genotypes: 8, range: 0-10, n ¼ 15 for AA or CC and 21 for GG or TT) (Table IB) . Smoking did not affect the significance of these results; however, smoking status was significantly associated with BV in these models (OR ¼ 5.7, 95% CI ¼ 1.6-20.4, P ¼ 0.008) and the likelihood ratio test indicates that smoking is an important factor in these models. Non-smokers with the AA or AG genotype (median Nugent score: 1, range: 0 -10, n ¼ 21) at CRH þ 3362 have significantly lower Nugent scores than those with the GG genotype (median Nugent Indicates that likelihood ratio test was significant. score: 8, range: 0 -10, n ¼ 9) (P ¼ 0.02) (Table IIB , Fig. 2A and Supplementary Table S5B ). Additionally, non-smokers with the AA or AG genotype have significantly lower median Nugent scores compared with smokers with the same genotype (median Nugent score: 8, range: 0-10, n ¼ 22) (P ¼ 0.003). Similar results are observed at CRH 2 1667 (P ¼ 0.02 and P ¼ 0.003) (Table IIB and Fig. 2B ). Additionally, there are significant differences in Nugent score between smokers and non-smokers depending on the genotype at CRH 2 2468, CRH-R2 þ 8288, CRH-R2 þ 5253 and CRH-R2 þ 4853; this indicates a possible interactive effect between smoking and genotype (Table IIB) . There are no haplotypes significantly associated with Nugent score adjusted or unadjusted for smoking (Supplementary Tables S6B and S7B ).
Discussion
In the present study, we explored the impact of genetic variation in CRH and related genes on Nugent score and determined if smoking affects these associations. In white women, there are two SNPs in CRH-BP associated with Nugent score. CRH-BP þ 17487 is located in the 3'UTR; whereas CRH-BP þ 15033 is located in an intron. There is significant linkage disequilibrium between these two SNPs, and the haplotype effect, including these two SNPs, is marginally significant, suggesting that these SNPs are not acting independently or are tagging another variant. It is important to note that CRH-BP is known to inhibit the effects of CRH on increased prostaglandin production. In a recent study of white mothers, CRH-BP þ 15033 was found to associate with pre-term birth (allele P-value: 5.9 Â 10 24 ) (Velez et al., 2008) . The pre-term birth risk genotype was AT/TT with an OR of 2.0 (95% CI: 1.3-3.1, P , 0.01). In our study, the risk genotype for BV was TT with an odds ratio of 5.4 (95% CI: 1.5 -19.1, P , 0.01). The fact that the TT genotype is associated with an increased risk of both disorders suggests a pleiotropic effect for this gene and may explain part of the correlation between BV and pre-term birth. Further studies on this gene will need to be performed to elucidate the biological mechanism relating this polymorphism to these reproductive disorders.
In black women, one 3 0 UTR SNP and two promoter SNPs in CRH are associated with Nugent score. There is significant linkage disequilibrium between these SNPs (Supplementary Figure S1B) but there are not any significant haplotype effects, indicating that the effects of these SNPs are independent or these SNPs interact to confer risk for BV in a way that is not being captured by the haplotype analysis. Additionally, CRH is an important factor in the regulation of inflammation and immune responses. Although BV is not characterized by the presence of inflammation; recent studies demonstrate that in white women cervical pro-inflammatory cytokines (chemokine (C-X-C motif) ligand 10 or IP10 and monocyte chemotactic protein (MCP1)) are lower in those with BV, but in black women cervical pro-inflammatory cytokines (Interleukin IL-1a) are higher in women with BV (Ryckman et al., 2008) . It is possible that these SNPs regulate an increased inflammatory response in black women but not white women. However, further studies relating CRH genotypes to protein concentrations are needed.
Black women are at a much greater risk for developing BV than white women. One explanation for this disparity involves differences in the functioning of the HPA axis. Several studies have shown that, in pregnancy, CRH concentrations are lower in black women compared with white women (Holzman et al., 2001; Glynn et al., 2007) . Studies exploring only promoter polymorphisms in the CRH gene found marked differences between white subjects from the UK and African subjects (Baerwald et al., 1999; Baerwald et al., 2000) . Another study comparing whites and blacks found that SNPs in CRH were significantly different in frequency in these two populations (Shimmin et al., 2007) . Of the 25 polymorphisms studied in CRH, CRH-R1, CRH-R2 and CRH-BP, 18 of these have significant (,0.05) allelic or genotypic differences between ethnic groups; 14 of which have a P-value ,0.001 for either genotypic or allelic differences (Supplementary Table S2 ). In our study, there were more significant associations with Nugent score and higher allele frequencies of the associating allele in blacks compared with whites. This indicates that these SNPs may be involved in the racial disparity observed in the prevalence of BV. For example, all of the polymorphisms in CRH have significantly different allelic and genotypic distributions between white and black women. In two of the four SNPs that associated with BV in whites, the protective allele is more common in whites than blacks (CRH-BP þ 15033 and CRH-R1 þ 50689); while allele frequencies for the other two (CRH þ 16022 and CRH-R1 þ 9-50) did not significantly differ between whites and blacks. Although not definitive, these results are consistent with the risk genotypes/alleles being more common in blacks than whites, supporting the argument for a genetic contribution to the disparity. Additionally, while not being directly tested, this may indicate that these SNPs could be contributing to the differences in CRH concentration observed between white and black women.
Our study is limited in that we do not connect measures of psychological or physiological stress to genotype. In order to assess this genotype in either BV or pre-term birth PTB, it will be necessary to also have data on CRH and CRH-BP proteins. These studies are planned as they will be important in elucidating the functional role of the genetic variation on physiology.
In this study, we demonstrated that variation in stress-related genes is associated with BV and that these variants and association patterns differ by race. This supports the idea that physiological stress may explain some of the racial disparity observed in BV in pregnant women. Polymorphisms in CRH-BP are associated with BV in white women and polymorphisms in CRH and CRH-R2 are associated with BV in black women. We have also demonstrated that smoking affects genetic susceptibility for BV.
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